We compare the power law exponential decline with the decline from analytical reservoir models, and we modify it accordingly. Furthermore, the sensitivity of the power law equation to any of its parameters is studied. The validity of the power law exponential decline in forecasting production in tight gas wells is tested using synthetic data.
Introduction
The production of tight gas is becoming commercially significant in North America, and forecasting the future deliverability of tight gas wells is critical to the quantification of reserves. There are two methods of analyzing production data, namely the traditional methods such as exponential or hyperbolic decline [1] , and the modern methods such as Blasingame, Agarwal and the Flowing Material Balance [2] [3] [4] [5] [6] . The traditional methods are very popular, because they are very easy to use, and only require flow rate and time as inputs. They have served the "reserves evaluation" industry quite well for nearly 100 years. For conventional oil and gas wells, these simple methods are reasonably well behaved and their performance is well understood. However, for tight gas wells, they fail spectacularly, and typically significantly over-predict reserves.
The modern methods, on the other hand, are more rigorous, more sophisticated and more reliable. They work well for both conventional and tight gas wells, but they are more complicated to use, and require the availability of bottom-hole flowing pressure in addition to flow rate and time.
It is well known that the traditional methods should only be used with production data after Boundary-Dominated Flow (BDF) has been reached [7] . During transient flow, these methods do not apply, and usually result in an "apparent" hyperbolic exponent, b>1. If this value is used to forecast future production, it can significantly over-predict reserves [8] . Not withstanding this serious shortcoming, tight gas wells are commonly forecast using hyperbolic decline with b>1. Often the only excuse given is "this is the only data I have, and this is the only tool I have".
Ilk et al. [9] used the same data set as the traditional methods (only the flow rate, not the flowing pressure) and introduced the "Power Law Exponential Decline" method to analyze this data. Like the traditional methods, this Power Law Exponential Decline is purely empirical, but it has the apparent advantage of being applicable to both transient flow as well as boundary dominated flow. Consequently, this method avoids the significant over-prediction of reserves associated with b>1 hyperbolic forecasts.
In this paper, we will examine more closely the behavior of the Power Law Decline method, and relate its performance to that forecast obtained from reservoir models.
Instantaneous Decline Rate and Hyperbolic Exponent
Spivey et al.
[10] presented a generalized definition of the Arps' decline rate, D, and the hyperbolic exponent, b:
For exponential decline, D is constant and b=0.
For hyperbolic decline, D varies with time, but b is a constant, ranging from 0 to 1. A b-value of zero corresponds to exponential decline, which is the analytical solution of a constant compressibility fluid (liquid) flowing under BDF regime [7] . Exponential decline is given by:
For gas flow, a hyperbolic decline may be more appropriate,
The value of b varies with pressure and operating conditions. The range is . For the purposes of this paper, we will assume a value of 0.5
. However, for a tight gas reservoir, this value comes into play so late in its life (after all the boundaries have been felt), that its effect on the forecast may not be significant.
Equations 3 and 4 are only valid during boundarydominated flow. However, tight gas reservoirs may be in transient flow for several years. The industry has been looking for ways to use the traditional decline methods for future forecast of these wells. Some researchers [12] [13] [14] suggested changing the hyperbolic b-value from one value (2.0) to another value (0.5), or limiting the decline rate to a constant (exponential decline) at a certain point in time.
Ilk et al. [9] introduced the Power Law Exponential Decline model as a better solution that encompasses both transient and boundary-dominated flow, and therefore is particularly applicable to tight gas reservoirs because transient flow is often the dominant flow regime, and boundary dominated flow may not be reached until after many years. It is a continuous function with a smooth transition from transient flow to boundarydominated flow.
Power Law Exponential Decline
Ilk et al. [9] defined the Power Law Exponential Decline as: 
The power law form of Equation 1 has a special quality. When D (Equation 6 ) is plotted on log-log scale, it starts as a straight line of slope n-1, and eventually levels off at a constant value ( D ∞ ), as shown in Figure 1 . The reason is that, at early time, D ∞ has a negligible effect on D, whereas at late time, the time-dependent term is fading and becomes the dominant term. Equation 1 has no basis in reservoir engineering theory, and is purely empirical. In order to understand the behavior of the power law decline model, we compared it to that of a reservoir model. The major difference between the reservoir model and the power law decline model is that the transition from log-log straight line to constant D happens fast in the reservoir model, whereas for the power law model it takes almost 2-log cycles. This can be a very long time in the life of a reservoir.
Sensitivity of Power Law
As can be seen from Equation 5, the power law equation has 4 unknowns, namely ,
and . This creates too many degrees of freedom when fitting this equation to real data, which are usually quite noisy. As a consequence, there can be many acceptable matches to the same data set, and these matches can result in significantly different forecasts of ultimate recovery. An example with 250 days of production data is shown in Figure 3 . It shows two different matches (Match 1 and Match 2) for this data set. Although both matches of the production period are acceptable, they yield very different future forecasts. This illustrates the sensitivity of forecasts based on purely empirical methods, and emphasizes the need to tune these forecasts methods so they are compatible with mechanistic reservoir models. n To make the power law more unique, we attempted to evaluate D and b independently, but unfortunately this did not help, because calculating D and b involves taking derivatives of the data, and because of the noise in the data, this resulted in a large scatter, as can be seen in Figure 4 .
Modified Power Law
It quickly became clear that the degrees of freedom in the power law Equation 5 needed to be constrained, in order to make the resulting forecasts more unique. We investigated possible modifications, guidelines and constraints that would make it consistent with reservoir models. In the following sections we present the rationale for modifying the power law exponential decline to make it consistent with two common reservoir models, linear flow and radial flow, each followed by BDF. The study is presented in dimensionless terms and uses the classical analytical liquid flow solutions. Gas flow considerations will be addressed after the methodology has been presented.
D and b from Reservoir Models
When the decline D, derived from the reservoir models, is plotted on log D versus log t, as shown in Figures 2a,b ,c, two significant features become evident, namely, radial flow is not a straight line, but is approximately so (with a slope of -1.13), and linear flow is an exact straight line (with a slope of -1).
To further understand the trends, b was calculated using Equation 2, and plotted versus t on a log-log scale, Figure 5 . For radial flow, b increases continuously from an initial value of 2.0. This was also observed and discussed in Kupchenko et al [12] . For linear flow, b is constant and equal to 2.0. For linearto-radial flow, b stays at 2.0 as long as the flow is linear, and then increases as the flow becomes radial. The trend of b seen in Figure 5 can be approximated by two straight lines (slope 0 and slope 0.13). Manipulation of Equations 1 and 2 confirms that if b is a straight line on log-log scale, the corresponding D plot on log-log will be a straight line as well (a power law equation), and the slope of the log D plot is related to the slope of the log b straight line. In fact, the slope of the b plot is -n, and the slope of the D plot is n-1.
Modification for Linear flow
The instantaneous decline versus time for the constant pressure solution of linear flow followed by BDF is shown in Figure 6 . The reservoir model in this figure is identical to that of Transient linear flow can be approximated closely with the following equation [15] , 1 2
The instantaneous decline rate, D, is:
Equation 9 implies that the log D versus log t line is straight (power law equation), with a slope of -1.0. This is clearly seen
in Figure 6 , which shows that transient linear flow is equivalent to a straight line of slope -1. When the reservoir enters BDF, theory [16] tells us that we have the traditional exponential decline, which means D is constant. This is clearly seen in Figure 6 and is indicated by the flat line . The time at which the reservoir goes from linear flow to boundary-dominated flow can be found from limit D [15] 
If k and y e are known, the time that BDF starts can be easily calculated. Figure 6 indicates that at that point in time, D is equal to D limit and remains constant thereafter. Figure 6 shows that if the short transition from transient to BDF is ignored, the linear flow geometry can be represented completely by two straight line segments -a straight line of slope -1 up to a time given by Equation 10, followed by a flat line. The reservoir model is exactly the same as the one in Figure 2b , but it is obvious that this reservoir model is matched much better by the two straight lines of Figure 7 represents the decline behavior for a linear-radial-BDF system. This is the same reservoir model as Figure 2c . It is evident that the flow during the linear and radial regimes should be represented by two straight lines of slope -1 and -1.13 as shown in Figure 2c (these slopes are consistent with the reservoir model). However, Figure 7 shows that a single straight line of slope -1.13 is adequate, especially if one were to consider the usual scatter present in production data.
Modification for Radial flow
The end of radial flow is followed by a very short transition to BDF, which is represented by a flat line of value D limit . The time to see the boundary can be calculated from 
To assess how well these two straight line approximations represent the original reservoir model data, Figure 8 shows a comparison of the forecast obtained from the straight lines (slope of -1.13 and D limit ) and the model data. As can be seen, the match is very good.
Recommended Modification of Power Law Exponential Decline
Below is a summary of the findings of this research: 1. The non-uniqueness of the four variables ,
can lead to the wrong forecast. Some or all of these variables must be constrained. 
It is evident, that for the reservoir models investigated in this study, the slope of the log D-log t plot needs to be constrained to the range of -1 to -1.13 ( ). Our investigations show that this constraint is well within the scatter of actual production measurements, and that the forecasts are not too sensitive provided the slopes are constrained to this range. This is illustrated in Figures 9a,b in which a reservoir model of linear flow ( ) and BDF is modeled using the modified power law Equation 12 ( ). Figure 9b shows that the forecast differs slightly from the model data, but the difference is well within acceptable limits for production data. 
Note that Equation 15 is in oilfield units and a good approximation for gas viscosity could be 0.02 cp. This value of t corresponds to the onset of BDF, which is the time when the radius of investigation has reached the outer boundary of the drainage area. It can be easily calculated if a reasonable estimate of k and area is available.
Gas Flow Considerations
All the preceding mathematical development and discussion was based on liquid flow considerations, dimensionless variables and mechanistically based reservoir models. Applying this knowledge to real data is straight forward, provided the models and the data are consistent with each other.
However, the reservoir models are based on liquid properties (constant compressibility-viscosity). For gas, these assumptions are not valid. For production data analysis, the biggest effect is that of changing compressibility associated with depletion of reservoir pressure. This means that for the transient part of the data, the same procedure as the liquid phase can be applied (converting time to pseudo-time, though desirable from a theoretical perspective, is not warranted, as the effect is relatively small). However for BDF, assuming a constant value of D (exponential decline) is not appropriate. Previous researchers [7, 11] have demonstrated that BDF for gas is not straightforward as it depends on the pressure level, degree of drawdown etc…, but it is reasonably approximated by assuming a hyperbolic decline with a b-exponent of 0.5. In this study, we have accepted this recommendation. Accordingly, at the time of start of BDF, unlike the liquid flow situation where we switched over to an exponential decline (D limit ), for gas BDF, we switch over to the hyperbolic Equation (4) 
Analysis Procedure
1. From the production data, calculate, using Equation 1, the instantaneous decline rate, D, and plot on log Dlog t graph (see Figure 5 ). 
Conclusion
• The empirical power law exponential decline has been modified to correspond to analytical reservoir models. 
